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Mechanisms of pure dephasing in quantum dots due to Coulomb correlations and the dynamics of
carrier capture and emission are suggested, and a phenomenological model for the dephasing is
developed. It is shown that, if the rates of these capture and emission processes are sufficiently high,
significant homogeneous line broadening of the order of several meV can result. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1401778#
The characteristics of the optical spectra of quantum dots
~QDs! and, in particular, the widths of the spectral lines can
strongly affect the properties of QD based optoelectronic
devices.1 At low carrier densities, where the QD has only one
electron and one hole in the ground state, the QD lumines-
cence spectrum is a narrow line with a width defined mainly
by the interaction of QD carriers with phonons2–4 and by
temperature fluctuations.5 At higher carrier densities, when
the quantity of carriers inside the QD becomes larger than
one electron-hole pair, and/or carriers appear in layers sur-
rounding the QD @e.g. in the wetting layer ~WL!#, this
ground state single exciton line shifts, and new lines appear
in the QD spectrum due to Coulomb carrier–carrier
correlations.6
Coulomb interactions in QD structures can also lead to
broadening of QD spectral lines. In particular, elastic colli-
sions of WL carriers with QD carriers can result in homoge-
neous line broadening of the order of several meV at very
moderate WL carrier densities.7 Matsuda et al. observed8
that, for increasing carrier density excitation ~pumping! of a
QD structure, broadening of the ground state exciton line
occurs in parallel with an increase of intensity of the excited
exciton line. This experimental fact can be considered as an
indication that the origin of the additional broadening is Cou-
lomb carrier–carrier correlations inside the QD.
One should note that Coulomb correlations in QDs are
usually considered at given numbers of carriers in the QD
and neglect the continuous spectrum of allowed states above
the confined energy levels.6 Naturally, such an approach
gives only discrete energy levels, and is unable to result in
line broadening due to Coulomb interaction between the car-
riers. In reality, the QD is an open system, and the number of
carriers in the QD changes over time due to carrier capture
into the QD from two-dimensional ~2D! or three-dimensional
~3D! barrier states and by carrier emission from the QD into
the barrier states. Because of Coulomb correlations inside the
QD, the changes in the electron and hole numbers in the QD
imply that the transition frequency v of the basic exciton line
also changes in time, v5v(t). In fact, this frequency jumps
among values corresponding to the ground state single exci-
ton, the charged exciton, the biexciton and so on. Such fre-
quency fluctuations imply pure dephasing of the radiating
dipole of the transition considered, and can lead to homoge-
neous broadening of the QD spectrum,9 if these fluctuations
are sufficiently fast.
In this letter, we describe two specific mechanisms of
homogeneous broadening in a QD due to Coulomb correla-
tions and dynamics of carrier capture and emission in QD
structures, and develop a simple model for this broadening.
In particular, we show that, if the rates of these capture and
emission processes are sufficiently high, then substantial ho-
mogeneous QD line broadening ~of the order of several
meV! can take place. We believe that our simple method can
be applied to a wider range of similar mechanisms.
Figure 1 illustrates processes that can lead to jumps of
the transition frequency v of the considered line between two
values. In Fig. 1~a!, one electron and one hole are in their
ground states e1 and h1 in the QD, respectively. Electron A is
captured ~for instance, due to electron–phonon interaction!
from the barrier to state e2 in the QD, and is then emitted
back into the barrier. When electron A is in the barrier, its
wave function extends over a large volume, so the electron
charge density is negligible, and Coulomb effects of electron
A on the QD energy levels can be discarded. In this case, the
electron-hole pair radiates at the single exciton frequency
v08 . If electron A is at the e2 level, we have a charged exci-
ton configuration with the radiation frequency v18 of the
ground state electron-hole pair, and v18Þv08 due to Coulomb
interaction of the pair with electron A. Thus, because of the
carrier capture and emission processes the radiation fre-
quency v fluctuates @v5v(t)# between two values, v08 and
v18 . If n8 is the population of the e2 level, the radiation
frequency is v5v08 at n850 and v5v18 at n851.a!Electronic mail: alexusk@sci.lebedev.ru
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In Fig. 1~b!, one electron and one hole are in their
ground states. This pair radiates with frequency v09 if elec-
tron A is in level e1 and hole B is located in a barrier state
~the charged exciton configuration!. Coulomb interaction of
electron A with hole B in the barrier results in hole B being
captured into the excited h2 state and electron A being ex-
cited to the e2 state ~the Auger process!, and we get the two
exciton configuration. This capture-excitation process is
shown in Fig. 1~b! by thin arrows. The transition frequency
of the considered radiating pair ~e1–h1! in this configuration
is v19 , and is different from v09 . Coulomb interaction of hole
B and electron A inside the QD can lead to emission of hole
B from the QD and relaxation of electron A back to level e1
~the processes are shown by bold arrows!. We see again that
due to the capture-excitation and emission-relaxation pro-
cesses the radiation frequency v5v(t) fluctuates between
v09 and v19 . If n9 is the population of levels e2 and h2, i.e.,
the population of the QD with excited excitons e2–h2, then
the radiation frequency is v5v09 at n950 and v5v19 at
n951.
Broadening of the QD spectrum due to the mechanisms
in Fig. 1 can be described within the framework of the sto-
chastic equation,
x˙52gx2iv~ t !x1 f ~ t !, ~1!
for the complex amplitude x(t) of the radiating dipole. The
transition frequency v5v(t) randomly fluctuates between
v0 and v1 @v05v08 , v15v18 for the mechanism in Fig. 1~a!
and v05v09 , v15v19 for the mechanism in Fig. 1~b!#. Spon-
taneous emission leads to decay of the oscillator with the rate
g, and to noise fluctuations described by the Langevin force
f (t). The force is assumed to be delta correlated, i.e.,
^ f (t) f *(t1t)&5Cd(t), where the angled brackets ^ & indi-
cate an average over fluctuations. The coefficient C is
related to the rate g and the intensity of the spectral line.9
The S(v) spectrum is expressed as S(v)
}*2‘
1‘dte2ivt^x(t)x*(t1t)&. In the calculation of S(v) we
follow the method in Ref. 10. It is easy to show that
S~v!5C/4pg@^g˜~v!&1^g˜~v!&*# , ~2!
where ^g˜(z)& is the Laplace transform of the average Green
function ^g(t)& for Eq. ~1!: ^g˜(z)&5*01‘dteizt^g(t)&. Thus,
the problem of calculating S(v) is reduced to finding
^ g˜(z)&.
We consider the process v(t) as a Markov process with
two discrete values or, in different terminology, a Kubo–
Anderson process ~KAP! with two values.10 It means the
following. If P0(t) is the probability that v(t)5v0 @n50, n
is the population n8 of level e2 for the mechanism in Fig.
1~a!, and n is the population n9 of excited excitons ~e2–h2!
for the mechanism in Fig. 1~b!#, and if P1(t) is the probabil-
ity that v(t)5v1 (n51), then
P˙ 0~ t !52vcP01veP1 ; P˙ 1~ t !51vcP02veP1 , ~3!
where vc51/tc (ve51/te) is the capture ~emission! rate for
electron A in Fig. 1~a! or the capture-excitation ~emission-
relaxation! rate for excitons in Fig. 1~b!, and tc(te) is the
respective capture ~emission! time. Equations ~3! have the
stationary solution P0
s 512 n¯ , P1
s 5 n¯ , where n¯5vc /(vc
1ve) is the average population. One can show that, in this
stationary regime, the correlation ^dv(t)dv(t1t)& for the
deviation dv5v(t)2^v& is given by ^dv(t)dv(t1t)&
5^dv2&e2vutu where
v5ve /~12 n¯ !. ~4!
The average Green’s function for this KAP is10
^g˜~z !&KAP5
g˜ sKAP~z1iv !
12v g˜ sKAP~z1iv !
, ~5!
where g˜ sKAP(z) is the so-called static Green’s function,
g˜ sKAP~z !5
12 n¯
g1i~v02z !
1
n¯
g1i~v12z !
. ~6!
Substitution of Eqs. ~5! and ~6! into Eq. ~2! gives the S(v)
spectrum.
We see that the S(v) spectrum depends on the average
population n¯ . If n¯50 ( n¯51) the spectrum is Lorentzian,
centered at v5v0 (v5v1) with a full width at half maxi-
mum ~FWHM! equal to 2g, i.e., there is no additional line
broadening at n¯50 and 1. For 0, n¯,1, the S(v) spectrum
can have a more complicated shape, which depends on n¯ and
the relation among g, v and Dv5uv12v0u. If v!g ,
S~v!}
12 n¯
g1i~v02v!
1
n¯
g1i~v12v!
1cc . ~7!
i.e., the spectrum is the sum of two unbroadened Lorentzians
at v5v0 and v5v1 with weighting of 12 n¯ and n¯ , respec-
tively. This is the so-called static case, and the condition v
!g means simply that the frequency v(t) does not change
its value ~v0 or v1! during radiative decay of the optical
dipole, which takes place on a time scale of ;1/g.
Consider the more interesting case of v@g . Figure 2
shows the normalized S(v)/Smax spectra for different n¯ and
ve . In all these plots, we assume that v02v153 meV,
which is in accordance with the calculations in Ref. 5, and
g50.06 meV. Figure 2 shows that the shape of the S(v)
spectrum depends strongly on n¯ and on the relation between
ve and Dv. At n¯50, we have a line at v0 with width of 2g.
If ve50.3 meV @Fig. 2~a!# ~te;3 ps, ve!Dv!, an increase
of n¯ results in broadening of the line at v5v0 and the ap-
FIG. 1. Illustration of the mechanisms of line broadening. Two electron ~e1
and e2! and hole ~h1 and h2! levels are shown in the schematic QD band
diagrams. The optical transition e1–h1 with frequency v(t) is considered.
~a! Electron A is captured into the QD e2 level, and then escapes into the
barrier. ~b! Hole B is captured into the h2 level with the excitation of elec-
tron A from level e1 to level e2, and is subsequently emitted into the barrier
with relaxation of electron A from level e2 to level e1.
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pearance of a broad line at v5v1 . At n¯50.5, we observe
two resolved peaks @dot-dashed line in Fig. 2~a!#. With a
further increase of n¯ , the line at v5v0 disappears, and the
line at v5v1 grows and narrows to a width of 2g @thin solid
line in Fig. 2~a!#. The case of ve!Dv is thus similar to the
static case, Eq. ~7!, but is accompanied by substantial line
broadening of the order of ve .
Increasing ve means that the two broadened lines come
close to each other, and finally merge. At ve>0.5Dv
51.5 meV ~corresponding to te;1 ps!, only one line is ob-
served, and the line shifts from v0 to v1 with increasing n¯ .
Figure 2~b! (ve52 meV) illustrates this behavior. When the
average population n¯ increases from 0 to 0.5, the line broad-
ens, reaching a maximum width of ;1.5 meV at n¯50.5. A
further increase of n¯ implies narrowing of the line. One can
show that, at ve>Dv , the line at n¯50.5 is Lorentzian with
linewidth of ;Dv2/v .
Thus, the spectral line shape and its width depend quite
strongly on the parameter v , which characterizes the popu-
lation dynamics in the QD, and can be very different from
those in the static case @Eq. ~7!#. For ve>0.5Dv , one instead
of two lines is observed. For the mechanism shown in Fig.
1~a!, one can say that the single exciton and the charged
exciton merge into one common exciton. Thus, it appears
impossible to consider these two excitons separately if the
dynamics of carrier capture and emission are fast.
As discussed above, only one line will appear in the QD
spectrum, if the emission rate ve is higher than approxi-
mately 0.5Dv(te,2/Dv). In general, the difference fre-
quency Dv between two excitons depends on the QD size
and is of the order of several meV.5 It implies that for obser-
vation of one merged or composite line, instead of two well-
separated exciton lines, the emission time must be shorter
than approximately 1 ps. In the mechanism illustrated in Fig.
1~a!, such short times may result due to electron–
longitudinal optical ~LO! phonon interaction in single pho-
non capture and emission processes.11 It implies that the per-
turbing e2 level must be relatively shallow, with its bound
energy less than one LO phonon energy below the continuum
band edge. On the other hand, by considering the mechanism
in Fig. 1~b!, emission times of the order of ;100 fs can be
reached,11 and the e2 level can be relatively deep ~in large
QDs!. Thus, in large QDs the situation with one broad line
instead of two well-resolved lines can be realized with the
mechanism of Fig. 1~b!, rather than with that of Fig. 1~a!. In
this case, for Dv;10 meV the linewidth will be of the order
of ;Dv2/ve;10 meV. Note also that the linewidth depends
strongly on n¯ , which for this mechanism is the population of
the QD with excited excitons ~e2–h2!. Since the population
also determines the intensity of the luminescence of this ex-
cited exciton, broadening of the ground state exciton ~e1–h1!
occurs concurrently with the increase of the luminescence
intensity. This agrees with the observation in Ref. 8 where it
was shown that the width of the ground state exciton line
starts to increase with pumping from a certain level, and that
this additional broadening is correlated with the intensity of
the luminescence of the excited exciton line.
In conclusion, the dynamics of carrier capture and emis-
sion in quantum dots can significantly modify the optical line
shape due to Coulomb interactions and can lead to strong
line broadening ~of several meV!.
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FIG. 2. Normalized S(v)/Smax spectra. In all plots, v050, v1523 meV,
and g50.06 meV. Thick solid line: n¯50; dashed line: n¯50.3; dot-dashed
line: n¯50.5; dotted line: n¯50.7; thin solid line: n¯50.99. ve5~a! 0.3 and
~b! 2 meV.
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